RlmN is a dual-specificity RNA methylase that modifies C2 of adenosine 2503 (A2503) in 23S rRNA and C2 of adenosine 37 (A37) in several Escherichia coli transfer RNAs (tRNAs). A related methylase, Cfr, modifies C8 of A2503 via a similar mechanism, conferring resistance to multiple classes of antibiotics. Here, we report the x-ray structure of a key intermediate in the RlmN reaction, in which a Cys 118 →Ala variant of the protein is cross-linked to a tRNA Glu substrate through the terminal methylene carbon of a formerly methylcysteinyl residue and C2 of A37. RlmN contacts the entire length of tRNA Glu , accessing A37 by using an induced-fit strategy that completely unfolds the tRNA anticodon stem-loop, which is likely critical for recognition of both tRNA and ribosomal RNA substrates.
R lmN is a radical S-adenosylmethionine (SAM) enzyme that is best known for catalyzing the methylation of C2 of adenosine 2503 (A2503) (1) (2) (3) in domain V of 23S ribosomal RNA (rRNA). A2503, a conserved nucleotide, resides in the peptidyltransferase (PTC) center of the ribosome near the entrance to the exit channel for the nascent polypeptide (4-7). C2 modification is not essential but has been reported to enhance translational fidelity (8, 9) . A2503 is also methylated at C8 by Cfr, which is both evolutionarily and mechanistically related to RlmN (10, 11) . The C8 modification, however, confers resistance to more than five classes of antibiotics that target the bacterial ribosome (12) (13) (14) (15) . Although methylation of C8 of A2503 is the only known in vivo activity of Cfr, RlmN also installs a C2 methyl group at adenosine 37 (A37) in six Escherichia coli tRNAs (tRNA (16) . RlmN thus joins a pseudouridine synthase, RluA, as the only known dualspecificity RNA modification enzymes capable of acting both on rRNA and on tRNA (17, 18) .
Although SAM is the source of the appended methyl carbon in the reactions catalyzed by RlmN and Cfr, these enzymes operate via a mechanism that is distinctly different from that of typical SAM-dependent methyltransferases ( fig. S1 ), as demanded by the inertness of the C2 and C8 carbons of adenosine to electrophilic attack and the low acidities of their associated protons (3, (19) (20) (21) (22) (23) . As radical SAM (RS) enzymes, RlmN and Cfr use very similar radical-based mechanisms of catalysis, initiated by the abstraction of a hydrogen atom (H•) from a Cys-appended methyl group via a 5′-deoxyadenosyl 5′-radical (5′-dA•) (20) . Subsequent attack of the resulting methylene radical on the carbon atom undergoing methylation affords a protein/RNA cross-linked intermediate whose resolution requires prior proton abstraction from C2 (RlmN) or C8 (Cfr) of the substrate by an unidentified base. This intermediate has been trapped via mutagenesis of a key Cys residue (C118 in RlmN) in the Cfr and RlmN reactions and characterized by spectroscopic (21, 24) , proteomic (25) , and biochemical methods (20, 21, 24, 25) . Conversion of the intermediate to the methylated product has also been demonstrated in the Cfr reaction (21) . Although x-ray structures exist for RlmN in the presence and absence of SAM (24, 26) , the large and conformationally flexible nature of its rRNA target has precluded successful structure determination of an enzyme-substrate complex. Here, we take advantage of our current mechanistic understanding of the system to obtain an x-ray crystal structure of a C118A variant of RlmN cross-linked to an RNA substrate. (Single-letter abbreviations for the amino acid residues are as follows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; I, Ile; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. In the mutants, other amino acids were substituted at certain locations; for example, C118A indicates that cysteine at position 118 was replaced by alanine.)
Studies by Grove et al. (20) and McCusker et al. (25) showed that the C118A or C118S variants of RlmN are unable to resolve a covalent protein/ RNA intermediate during catalysis and become cross-linked to the nucleic acid when overproduced in E. coli. Because those studies predated the recognition that RlmN is responsible for methylation of tRNA in E. coli (16) , it was assumed that the protein was cross-linked to a fragment of 23S rRNA. However, when the cross-linked enzyme was isolated by means of ion-exchange chromatography ( fig. S2 ), observation of a distinct RNAcontaining protein fraction suggested that the enzyme was cross-linked to a homogeneous RNA. Diffraction-quality crystals of the in vivo crosslinked species yielded x-ray data sets to 2.9 Å resolution, and the structure was solved by molecular replacement using a previously published RlmN structure (PDB accession code 3RFA) (table  S1) . Surprisingly, the electron density most closely resembled tRNA Glu rather than the expected rRNA fragment ( fig. S3A ) (16) .
Each of the tRNAs expected to be modified by RlmN (16) were generated by means of in vitro transcription, and tRNA Glu and tRNA Arg support the greatest turnover rate in activity assays ( fig.  S4 ). The structure of transcribed tRNA Glu crosslinked to purified RlmN C118A (termed the in vitro cross-link) was solved to 2.4 Å resolution ( Fig. 1) . Positive difference density was observed between the terminal methylene unit of mCys 355 and C2 of A37 ( Fig. 2A ), but modeling the interaction as a carbon-carbon bond fully accounts for the electron density, confirming the presence of a covalent adduct. Remarkably, methionine (Met) and 5′-deoxyadenosine (5′-dA) remain visible in the active site, even in the in vivo structure, suggesting that they dissociate after the methylated RNA is released (Fig. 2B ). In the absence of the RNA substrate, mCys 355 resides near the SAM methyl group, cited as ideal for methyl acquisition from the cosubstrate (26) but relatively far (~6 Å) from the site of 5′-dA• formation (Fig. 2C) . Interaction with tRNA, however, brings the Cysappended methyl group within 4.1 Å of C-5′ of the SAM cleavage product, which is appropriate for H• abstraction (Fig. 2B ). An extended watermediated hydrogen-bonding network ( fig. S5 ) between the backbone of the loop and A37 of the substrate facilitates the 5 Å shift in the mCys 355 loop. Structural features specific to adenine, such as N3 and the exocyclic amine (Fig. 2D) , provide a basis for selective recognition of the target base. Because these interactions would ensure specificity for reaction with C2, Cfr may use a different strategy to configure the analogous Cys for C8 methylation.
Recent mechanistic studies suggest that resolution of the covalent cross-link requires prior deprotonation at C2, possibly by C118 ( fig. S1 ) (24) . The cross-linked structure shows A118 pointed directly at C2 of A37, 3.7 Å away, supporting assignment of C118 as the general base (Fig. 2E) . Upon deprotonation of C2, radical fragmentation of the C-S bond would generate a thiyl radical and an enamine, which can tautomerize to the methylated product upon return of the C2 proton initially abstracted by C118. Catalysis is then completed through reduction of the thiyl radical by one electron. According to the structure of the cross-linked species, the thiyl radical would bẽ 9.9 Å away from the nearest iron ion in the cluster, which is consistent with direct electron transfer between the two species. The proximity (5.0 Å) of the Cys 355 side chain (the proposed site of thiyl radical formation) to the sulfur atom of Met 176 (Fig. 2F) , a strictly conserved residue in RlmN and Cfr, might allow formation of a transient thiosulfuranyl radical (27) . In E. coli class III ribonucleotide reductase (RNR), a similar species is proposed to protect a reactive thiyl radical intermediate when reducing equivalents necessary to complete the reaction cycle are scarce (27) . A similar interaction could be advantageous in RlmN if electron transfer to resolve the crosslinked intermediate is rate-limiting in vivo.
The protein component of the in vitro crosslink changes very little relative to that of the in vivo cross-link, as well as when compared with the previously solved structures of RlmN (Fig. 1A and figs. S3 and S6) (26) . The protein-nucleic acid interface spans the entire face of tRNA Glu using three separate regions or domains (Fig. 1B  and figs. S7 and S8) . The N-terminal domain, hypothesized to bind RNA because of its structural similarity with known nucleic acid-binding proteins (26) , uses only four points of contact to interact with the backbone at the 3′ end of tRNA Glu (fig. S8 ). The small number of substratebinding determinants is surprising, although the domain may interact more extensively with the larger rRNA substrate. Additional residues in the N-terminal domain (K47 and H51) and a side chain (D198) contributed by a longer peripheral loop in the radical SAM core bind to the RNA backbone in the major groove of the D-stem of the tRNA (nucleotides 10 to 12) (fig. S8) . RlmN binds the concave surface of the substrate, suggesting that it requires full-length L-shaped tRNA for efficient catalysis. Other structurally characterized tRNAmodifying enzymes share the same requirement (28) , but the overall binding mode and type of RNA recognition elements found in RlmN more closely resemble those of tRNA synthetases (29) (fig. S9) .
The most extensive RlmN-tRNA interactions involve the anticodon stem-loop (ACSL) of tRNA Glu near A37. The protein binds in the minor groove of the ACSL (Fig. 1A) and interacts more intimately with the nucleobases (Fig. 1B) . Only a few sequence-specific contacts are observed-which is typical of ruler or position-specific RNA recognition strategies found in other tRNA modification systems (28, 30)-which would enable RlmN to accommodate the substantial sequence diversity of its tRNA substrates (16) in addition to its rRNA substrate (3) . A strictly conserved arginine (R206) residue and G29 of tRNA Glu (Fig. 3C ), found in all six E. coli tRNAs containing the m 2 A modification (16), form sequence-specific bidentate hydrogen bonds (H-bonds) between the exocyclic amine and N7 of G29, similar to an interaction found in the discriminating glutamyl-tRNA synthetase, in which a single arginine-cytosine interaction allows the tRNA synthetase to distinguish between tRNA Glu and tRNA Gln (31) . In R206A RlmN, the ability to methylate tRNA Glu is completely abolished, whereas methylation of a 155-oligomer rRNA substrate remains unaffected (Fig.  3C, inset) . R206 may serve as an anchor for the tRNA substrate (Fig. 3D) to initiate base-flipping of A37 into the active site via an unusual mechanism that involves dramatic deformation of the ACSL backbone.
The ACSL conformational change is induced by an RlmN-specific secondary structure element (26), a seventh b-strand that forces an outward splay of all of the non-Watson-Crick base-paired residues in the ACSL (Fig. 3, A and B) . As a result, A37 is sequestered into an active site pocket using a distinctive base-flipping mechanism (32) that completely disrupts the single-strand aromatic base stack in the ACSL. A similar tactic is observed in other tRNA-modifying enzymes, including bacterial adenosine deaminase (TadA) (33) and A37 N 6 -isopentenyltransferase (MiaA) ( fig. S10) (34) . Apart from A37 ( fig. S13 ), C38 makes the most extensive contacts in the active site (Fig. 3, E and F) . The use of distinct complementary binding pockets for multiple bases in the ACSL resembles the substrate recognition strategy used by bacterial Gln tRNA synthetase to read out the sequence in the anticodon and discriminate among potential targets (35) . However, in RlmN the C38 binding pocket is not base-specific. The observation is consistent with the sequences of the known targets for A37 C2 methylation, which would require accommodation of any nucleobase at position 38 except G (16) . In RlmN, the additional C38 pocket may simply stabilize the new tRNA conformation in this region and promote extrusion of A37.
The structure of RlmN cross-linked to a tRNA overall shape of tRNA Glu via interaction with the sugar-phosphate backbone in the D-stem-loop and the 3′ end of the tRNA. The observed analogies to tRNA synthetase structures, coupled with the known dual specificity of the enzyme toward A2503 in the central domain of 23S rRNA, provide a link between RlmN and three distinct components of the protein synthesis machinery, suggesting an early origin for A37/A2503 C2 methylation among known RNA modifications. In the ACSL region, the enzyme pries open the tRNA structure to gain access to its A37 nucleobase target. The recognition strategy is fully distinct from that used by RluA, the only other known dual-specificity RNA modification enzyme (17) . In that system, sequence elements conserved among rRNA and tRNA substrates dictate specificity, although the protein also relies on local RNA refolding for readout of the key motifs. The ability of RlmN to substantially remodel tRNA in the anticodon region may represent a second mechanism to confer dual specificity. The observations here highlight an intriguing structural connection between tRNA and the core of the bacterial ribosome (36), a theme that RlmN likely exploits in targeting two distinct substrates that exhibit little sequence similarity but share tertiary features common to evolutionarily ancient components of the protein synthesis machinery.
